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Item 20, Continued :

to disperse the fluorescence. These results indicate that collisions which
change the magnitude of the rotational angular momentum (even by several
quanta) do not severely alter its orientation.
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INTRODUCTION

There is ample experimental evidence for the presence of non-equi-
librium population distributions, and the occurrence of non-Arrhenius
reaction rate behavior, in a wide variety of combustion processes. A
full understanding of such systems on a microscopic level requires that
such effects be addressed. Recent experiments are now just beginning
to provide information on the detailed quantum level dependence of
inelastic and reactive collisions for a number of small molecules. How-
ever, the difficulty involved in carrying out such experiments means
that theoretical computations of such rates will continue to be important
for a number of systems. It is in turn crucial to have at hand experi-
mental evidence concerning details of the collision dynamics which place
constraints upon the theoretical formulations.

An important aspect of such computations ~s he detailed m T dependence
of reactive and inelastic collision cross sections.’ Most of tfle experi-
mental evidence comes from molecular beam work on o ented molecules’ but
the use of laser excited fluorescence techniques promises3 further new
data on a larger class of molecules. Computations describing reactive
beam experiments have been made in the statistical limit,” and for inelastic
collisions under conditions of weak and strong coupling of the collisional
angular momentum, with a view toward laser-excited fluorescence experiments.5

An important practical consideration for trajectory calculations is
indeed the choice of angular momenta coupling.5’6 Accordingly, it is
important to have experimental evidence for the correlation4” of the
angular momentum observables during a collisional encounter (or, for that
matter, correlation between ~~~ sets of observables is most useful8).
1J. P. Toennies, “The Calculation and Measurement of Cross Sections
for Rotational and Vibrational Excitation,” Ann. Rev. Phys. Chem.
27, 225-260 (1976).

R . Brooks , “Reactions of Oriented Molecules,” Science 193, 11-16 (1976).
3B. E. Wilcomb and P. J. Dagdigian, “Electric Quadrupole State Selec-
tion with a Laser Fluorescence Detector,” Paper RC9, Symposium on
Molecular Spectroscopy, Columbus, Ohio, June 1977.
4D. A. Case and D. R. Herschbach, “Statistical Theory of Angular
Momentum Polarization in Chemical Reactions,” Mol. Phys. 30, 1537-1564
(1975); “Statistical Theory of Angular Distributions and Rotational
Orientation in Chemical Reactions,” J. Chem. Phys. 64, 4212-4222
(1976).

5~4• u~ Alexander and P. J. Dagdigian, “Rotational Alignment in Inelastic
Collisions,” J. Chem. Phys. 66, 4126-4132 (1977).

6T. F. George, University of Rochester, private communication, 1977.
7D. R. Herschbach, “Molecular Beam Studies of some Elementary Oxidation
and Flame Reactions,” 16th Symposium on Combustion, Cambridge, Mass,,
August 1976, Book of Abstracts, pp. 159-160.

8R. D. Levine, Hebrew University, private co unicat ion , 1977.
9 

_ _

~~~~~~~~ _ -1--.-
~.ç. ~~~

—- ...-.-——-.———.—-—- . —.—-—---— .——-———.——.—.
~
-—-



In the course of our investi gation s of relaxation within the B3E 
-

state of the S7 molecule , induced by collisions with a variety of gas~s,
we have studiea the effects of collisions on the Hanle effect signals.
While these results do not provide a full set of correlation data, they
do indeed furnish the type of input useful for theoretical computations
such as those discussed above .

The Hanle effect, or zero-field level crossing, is caused by the
establishment of coherence among excited state mj levels. This is
achieved by the choice of polari zation of the exciting radiation, and
is observed through the change in the polarization of the resulting
fluorescence upon application of a magnetic field.’° Through a suitable
basis set rotation, the existence of coherence may also be regarded as
indicating a particular direction , with respect to some space-fixed
axis, of the precessing J-vector. The essential result of the current
study is that after collisions which transfer the selectively excited
S~ to nearby rotational levels , a high degree of coherence is maintained.This means that collisions which change the value of the rotational
quantum number do not severely alter its direction in space. Together
with our results~ on relative rates of transfer to different triplet
components, these data place stringent requirements on theoretical
descriptions of the angular momentum changes accompanying rotationally
inelastic collisions.

Using a somewhat different technique, KatO et al.~~ have quite
recently measured orientational persistence during rotationally~and
vibrationally inelastic collisions of selectively excited B31T0 ~~We shall not comment here further on a comparison of their fin~ings and
ours except to note that those authors and ourselves were both surprised
at the high degree of retention found in the respective investigations.
Non-zero polarization of li ght emitted by levels populated by rotational
transfer collisions has been noted12 in Li2, while Lengel’s observations’3

~1. A. Caughey and D. R. Crosley, “Relaxation in the B
3E 

- 
State of

S2. II. Rotational ,” to be published . 
U

10R. N. Zare, “Interference Effects in Molecular Fluorescence ,” Acc .
Chem. Res. 4, 361-367 (1971).

KatO , R. Clark and A. J. McCnffery, “Rotational Assignments in
Excited Iodine and Reorientation by Elastic and Inelastic Collisions
from Circularly Polarized Emission ,” Mol. Phys. 31 , 943-956 (1976);
H. KatO , S. R. Jeyes, A. J. McCaffery and M. D. Rowe, “Persistence
of rn

~ 
Following Vibrational and Rotational Energy Transfer in

Molecular lodice Excited by a Single Mode Tunable Dye Laser,” Chem.
Phys. Letters 39, 573-575 (1976).

12Ch Ottinger, R. Velasco and R. N. Zare , “Some Propensity Rules in
Collision-Induced Rotational Quantum Jumps,” J. Chem . Phys. 52,
1636-1643 (1970) .

‘3R. K. Lengel and D. R. Crosley , unpublished data.
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on OH indicated little or no coherence retention in that molecule.
Results1~ on rotational transfer in Na, have shown that significant
depolarization during rotationally inelastic collisions occurs only for
low rotational levels and the heavier rare gases. Studies of atomic
systems have demonstrated such retention for both . interatomic transfer
(‘sensitized fluorescence ’) 15 and intraatomic transfer.16 While no general
trends concerning coherence retention are yet discernible, these studies
are suggestive enough to encourage further experimental inquiries, as
well as an examination of theoretical models as regards the orientational
memory .

It should be noted that, properly, our experiment establishes and
measures the relaxation of the alignment (a quadrupolar distribution of
population over the mj levels) and not orientation (a dipolar distribution).
However, the relaxation times for these two tensor components of the den-
sity matrix describing the excited state are related to one another;17 for
the case of collisions with a foreign gas, they differ by twelve percent.’8
Consequently, we view the phenomena as more or less interchangeable, i.e.,
the retention of coherence in the Hanle effect experiment yields, in a
directly calculable way, results applicable to the relaxation of the orien-
tation of the angular momentum vector.

‘4K. Bergmann and W. Demtrbder, “Inelastic Collision Cross Section of
Excited Molecules. II. Asymmetries in the Cross Section for Rota-
tional Transitions in the Na2 (B

1fl ) State,” J. Phys. B 5, 1386-1395
(1972). U

15W. Gough, “The Polarization of Sensitized Fluorescence,” Proc. Phys.
Soc. London 90, 287-296 (1967).

~ M. Elbel , B. Niewitecka and L. Krause, “Coherence Transfer Between the
2P112 and 2P312 States in Sodium, Induced in Collisions with Helium
Ato~s,” Can . 3. Phys . 48 , 2996-3003 (1970) .

17A Omont, “Resolution of the Density Operator into I rreducible Tensor
Components and Applications to Experiment,” in P. G. H. Sandars, ed.,
Atomic Physics II: Proceedings of the Second International Conference,
Oxford, 1970 (Plenum, 1971), Pp. 191-200.

‘8P. R. Berman and W. E. Lamb, Jr., “Influence of Foreign Gas and
Resonant Collisions on Line Shapes,” Phys. Rev. 187, 221-266 (1969).

1~1

— 

I



EXPERIMENTAL

The basic experimental apparatus 19 has been previously described .*
The modifications are the use of a r e f i l l a b l e  cel l , 9 and , in some experi-
ments, a 3/4-rn spectrometer to disperse the fluorescence. Briefly,
light from an atomic zinc line source is focussed into a quart z cell
containing sulfur . The cell  is connected to a high vacuum line for
filling with collision partner gases, whose pressure is measured by an
NRC Aiphatron gauge. The S2 pressure is controlled by the temperatureof a sidearm reservoir; the ambient temperature of the experiment is
about 900 K. The _ Zn 307.6 nm line excites the v ’ = 4 , N ’ = 40 , J’ = 41
level of the B3EU state. 19 Fluorescence from this level (and/or nearby
ones populated by collisions , for non-zero fill gas pressures) is detected
at right angles by a photomultiplier after passing through either filters
or the spectrometer. A slowly vary ing magnetic field is applied to the
cell for observation of the Hanle effect , while  a smaller AC field per-
mits the use of lock-in detection. The result , plotted on an xy-recorder,
is a signal resembling the derivative of a Lorentzian; in actuality it
is modulation broadened and possibly modified in shape as well as breadth
due to collisional processes.

The results are manual ly  digi t ized and f i t  by a non-linear regression
routine to a single modulation-broadened Lorentzian using Wahiquist ’s
closed-form expression .22 Although the actual signal can be a composite
of Lorentzian and non-Lorentzian curves , the signal-to-noise ratios
involved render this characterization adequate. Our model calculations
necessary for interpretation of the results  (see below) are also cast
in the form of a best-s ingle-Lorentziar i  representation for comparison
purposes. All widths g iven in the paper refer to the full  width at
half maximum of the true or equivalent Lorentzian curve .

*The lifetimes (
~ 20 nsec for J’ 40 in v ’ = 3 and 4) of ref. 19 are

incorrect by about a factor of two due to the presence of an as yet
unidentified quenching gas present in the cell used. The new measure-
ments,2° which employ the re-evacuable cell used in the present work,
also indicate however that the lifetime of J’ = 13, v’ = 4 is 20 nsec.
Which of these values, if either, is truly characteristic oTv’ = 4 is
not yet understood,2 1 although this problem should not affect the
results described here.

‘9K. A. Meyer and D. R. Crosley, “Hanle Effect Lifetime Measurements
on Selectively Excited Diatomic Sulfur,” J. Chen. Phys. 59, 1933-1941
(1973).

A. Caughey, K. A. Meyer and D. R. Crosley, “Lifetimes in the
B3Eu State of S2 ” to be published.

21K. A. Meyer, “Some Radiative Properties of the 83E 
- 
State of Diatoinic

Sulfur,” Ph.D. thesis, University of Wisconsin, 1996.
22H. Wahiquist, “Modulation Broadening of Unsaturated Lorentzian Lines,”
J. Chem. Phys. 35, 1708-1710 (19611.
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BROAD BAND EXPERIMENTS

For a single emitting level , under the conditions of the right
angle geometry we employ, the Hanle effect appears as an inverted
Lorentzian dependence of intensity upon magnetic field H, centered at
H = 0. The breadth of the Lorentzian is inversely proportional to the
product of the magnetogyric ratio g and effective lifetime t of the
coherence in the emitting state. r , in turn, is the inverse of the sum
of all rates responsible for destruction of the coherence, which include
radiation and collisions. Thi~ collisional coherence destruction ratefor a single collision partner may be written as a product of the number
density n and a coherence destruction rate constant, kcd•

For current purposes, the collisional fate of a selectively excited
5, molecule may be divided into four qualitatively distinct categories.
These and their associated rate constants are: electronic quenchingt
(k~); vibrational transfer (kv); rotational transfer (kR); and depolari-za~ion (ku). This last type of collision, which leaves the S2 in thesane quantum level but destroys the coherence, may also be viewed as
elastic reorientation. Under the assumption that all inelastic collisions
result in a destruction of the coherence, k would be the sum of thesecdrates,

k d kQ
+k v + k R + k D; (1)

whereas a lack of equality in the measured rates would imply that
coherence is retained during an energy transfer process.

Our studied of quenching and energy transfer show that the collision
partners investigated form two manifest types. Collisions of excited

molecules with ground-state 
~2’ 

with SO2, or with H,S lead primarily
to quenching of the fluorescence, i.e., for these molecules, k~ >> kv,kR.
For the rare gases or N, as a collision partner, on the other ifand, the
dispersed fluorescence shows many features due to vibrationally and
rotationally relaxed B-state S2; here, kR > ks,, >>kQ.

*Ground_state 
~2 

is of course present as a potential collision partner
in all the experiments. Its (separately measured) influence on results
with other fill gases has been removed in the analysis and will be
ignored in the equations for reasons of simplification.

•
~Inc1uding both reactive and non-reactive quenching, between which our
experiment cannot distinguish.

13



The first series of experiments involve the measurement of the Hanle
effect broadening rate using a broad-band filter (two Corning 7-54’s)
passing fluorescence from the initially pumped level as well as others
populated by rotationally and vibrationally inelastic collisions. For
those gases in which quenching dominates, nearly all of the fluorescence
will emanate from the initi~1ly pumped level , and a single collision
broadened Lorentzian should yield an accurate fit to the data. The
results for collisions with ground state S, are shown in Fig. 1. Plotted,
as a function of S, number density, are the Hanle effect widths; the
error bars result !rom the confidence limits on the fit to the experi-
mental data. Also included is a predicted curve based on the assumption
kQ >> kV, kR, k9 so that kcd = kQ. The previous investigations of the

variation of fluorescence intensity with sulfur pressure furnishes the

quenching rate* for S2(B) 
- S2(X) collisions , kQ 

= (13 ± 3) x l0 10cm3sec~~,

as well as demonstrating that k
Q >> kV, kR. The agreement between

prediction and experiment shows that kQ >> kD also, i.e., that quenching

dominates the entire collision process, and is faster than not only rota-
tional or vibrational transfer, but the elastic reorientation process
as well. In Table 1 are listed the cross sections, which are seen to
overlap to within experimental error.

Hanle effect broadening rates have also been measured for H2S andSO2, and the cross sections are included in Table 1. In view of our
prior observations that, for these gases, kv, kR << kQ. and under the

assumption that here also kD << k
Q~ these cross sections provide a

measure of the quenching efficiency of these gases.

A contrasting picture is presented by nitrogen and rare gas collision
partners, as is illustrated in Fig. 2 for the cases of helium and xenon.
Again the experimental widths are plotted along with the broadening
predicted by the assumption of Eq. (1). We use in Eq. (1) our previously
determined9 kQ~ kv and kR, and take, for lack of information, kD << kR, kv
(a non-negligible kD would only increase the discrepancy). We conclude
that, for these gases, coherence is retained for excited S, molecules
which have suffered rotationally (and possibly vibrationalty) inelastic
collisions.

A consideration of the actual contributing effects for the case of
coherence retention (see below) shows that, given a noise-free signal, a
single collision broadened Lorentzian is not a fully correct description
of the observed broad-band signal for the rare gases and N,. Nevertheless,
we r~we fit the experimental results in such a fashion, ana this seems
to be an adequate characterization based on the size and randomness of

*All rate constants and cross sections are calculated using a radiative
lifetime of 36 nsec for v ’—4 , N ’ *40 , J’ — 4l .

14
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Figure 1. Full-width at half maximum (FWHM) of the broadband Hanle effect
signal as a function of S~ number density. Error bars arefrom lineff t confidence lYmits; those at the lowest pressures
have been omitted for clarity but are of a similar size. The
solid line Is a least-squares fit to the data, and the shaded
region is the broadening prediction assuming kcd kQ.
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Figure 2a. Broadband Hanle effect signal (FWHN) as a function of He
number density . The solid line Is a least squares fit. The
shaded area Is the broadening predicted by Eq. (1) using
previously determined kR kv and kQ.
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number density . The solid line is a least squares fit. The
shaded area is the broadening predicted by Eq. (1) usIng
previously determined kR, kv and kQ.
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TABLE 1. BROADBAND EXPERIMENTAL RESULTS: EFFECTIVE BROADENING CROSS

SECTIONS °cd’ AND ENERGY TRANSFER CROSS SECTIONS FROM REF. 9.

ALL UNITS ARE A 2 .

Collision
Partner °cd +

S2 2 10 ± 50 180 ± 40 -

SO2 1 0 1 ± 7  - -

I12S 82 ± 10 - -

He 1 3 ± 2  - 4 8 ± 6

Ne 26±4 - 6 3 ± 7

Ar 5 3 ± 7  - 84±9

Kr 76 ± 11 - 110 ± 9

Xe 8 0 ± 9 - 117 ± 13

N 2 5 8 ± 8  - 114 ± 16

18



p
the residuals. Also, the broadening plots, such as that shown in Fig. 2,
are described quite well by a linear dependence on pressure. The observed
broadening rates, analyzed in this fashion, are always less than the
sum kv + kR + k

Q 
for these gases. The results are presented in Table 1,

as a comparison of cross-sections.

Thus, while the lifetime of the initially pumped level is shortened
by rotational and vibrational state changing collisions, the lifetime
of the coherence is not shortened as much. In other words, there is
for these collision partners a separate, slower, rate constant for reorien-
tation than for change in magnitude of the rotational angular momentum .

Broadband experiments have also been carried out on two other
initially pumped levels deep in the B~I potential well Cv ’ • 4, N’ = 14,
• 13 and v’ = 3, N’ 42, J’ 43). “The results show broadening cross

sections of similar size; although °R and as,, have not been measured forthese levels, similar behavior is suggested. A larger broadening rate,
for S,(B) - S,(X) collisions, is found for a level near the predissocia-
tion limit (v’ 9; a preliminary analysis yields N’~ 22, J’ = 23),
possibly indicating collision-induced dissociation.

NARROWBAND EXPERIMENTS

If coherence is retained throughout a rotationally inelastic collision,
then Hanle effects should be observable in the fluorescence emitted by
rotationally transferred molecules. In this series of experiments, where
He and Xe are the collision partners, a 3/4-rn spectrometer was used to
disperse the fluorescence before detection. With a typical operating
entrance/exit slit width of 500/1000 ~ in second order, the bandpass is a

trapezoid with a 75 cm~ base and 25 cm ’ top (full widths in first order).

With the monochromator set 51 cm~ from the nearest line (R1 (39)) emitted
by the initially pumped level, the detector views f1uoresce~ce emitted
by levels ranging approxi.at.ly* from N ’ • 10 to N’ 34 of v’ 4.

Fig. 3 shows the Hanle effect signal observed under these conditions

and at a pressure of 0.72 Torr helium (2.33 x iol6 cm 3), using field
modulation and lock-in amplifier techniques. (We shall find it useful
to refer below to this as the ‘transferred signal’.) Also shown is the
Hanle effect signal using broadband detection, but with no added gas , so
that only the initially pumped level is emitting. It was verified that
no transferred signal appeared when: (i) the fill gas was pumped out of
the cell; (ii) only fluorescence polarized parallel to H was detected;
or (iii) the reservoir was cooled so as to condense the sulfur from the
cell. These experiments provide conclusive evidence that coherence is
retained throughout rotational energy transfer collisions .

The actual range depends on the triplet compon.nt involved ; also some levels
emit only part of their rotational branch structure within this bandpass.
The true distribution is used in the simulation describ.d below.

19
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Figure 3. Hanle effect signals - lock-in amplifier output, ( a) Broad-
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V
Information is provided by both the amplitude and the breadth of

the transferred signals, as delineated more fulfy in the discussion sec-
tion. Amplitudes have been measured for both He and Xe, and the width
studied as a function of He pressure. The widths are characterized by
(i.e., fitted to) a single modulation-broadened Lorentzian;~we repeat
that while this is not the correct form, it is an adequate representa-
tion for our purposes. The resulting widths for the narrowband runs,
as a function of He number density, are plotted in Fig. 4; the error
bars are obtained from the confidence limits on the fitting procedure.

The important feature of the data exhibited in Fig. 4 is that the
widths are significantly narrower than those obtained in the broadband
runs. The reason for this is that the transferred signals are a different
shape, and appear narrower, particularly with the mode of detection used
(see below).

In contrast, the Hanle effect detected in light emitted by the
initially pumped level ~~~~ should remain a true Lorentzian, with abroadening given by the rate constant in Eq. (1) and shown by the shaded
area in Figs. 2 and 4. This is because inelastic collisions would then
prevent the transferred fluorescence from reaching the detector, effec-
tively removing (at the collision rate) the coherence together with the
emission. The broadband experiments thus involve a composite of the
narrow transferred signals and a broad Lorentzian due to the initially
pumped level , and their breadths fall between the narrowband runs and
the predictions of Eq. (1). If the monochromator is tuned to the lines
emitted by the initially pumped levels, a broad signal should result.
This experiment was carried out at a He pressure of 2.35 Torr. However,
underlying the lines emitted by the initially pumped level , and thus
within the bandpass of the monochromator, is some fluorescence emitted
from molecules which have undergone rotational energy transfer. Thus
this signal too should be a composite, but weighted more heavily in
favor of the broad component. The results at 2.35 Torr He, using these
various filters, are presented in Table 2 and are ordered according to
expectations.

Transferred signals were searched for in the fluorescence emitted
by vibrationally transferred molecu1es~ (v’ = 4 -~~ v ’ a 3) using the mono-
chromator. However, since kv < kR, a poorer signal to noise ratio was

obtained compared to the case of observation of rotationally transferred
molecules. Even in the case of complete coherence retention during a

• vibrationally inelastic collision, the resulting amplitude of the trans-
ferred signal wou*d have been below our level of detectability by a factor
of about 1.5. Hence we have no direct evidence for the presence or
absence of coherence retention during such collisions. Nor do the broad-
band experiments furnish any information on this point, since kcd > kv
in all cases.
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Figure 4. Hanle effect signal widths in He. Open circles are experimental
results. Solid circles are results of simulations . The
shaded area is the prediction assuming no coherence retention.
(a) Narrowband runs (‘transfer’ signals only). (b) Broadband
runs (‘transf er ’ signals plus initially pumped level signal).
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TABLE 2. WIDThS (IN G) OF HANLE EFFECT SIGNALS AT 2.35 TORR He.

conditions width

narrowband,
transferred 80 ± 10

broadband 125 ± 10

narrowband,
initially pumped 190 ± 30

predicted,
Eq. (1) 260 ± 25

TABLE 3. CASE (b) g-VALUES FOR A 3~ STATE WITH ROTATIONAL QUANTUM NUMBER N.

Level
Designation J gj

N i l  - 2/(N+l)

F2 N - 2/N(N + l)

F3 N - l  2/N
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DISCUSSION

A classical picture of Hanle effects in transferred molecules , as
presented by Bayliss23 (an alternate derivation is given by Chiu2”) for
a single collision , two level system , forms the basis for understanding
and analyzing the results of the preceding section. Bayliss shows that
fluorescence emitted by molecules which have undergone an inelastic
collision will , for right angle geometr~’, exhibit a field dependence ofthe intensity I having the form:

818 - 1
l~~~~ l +  2 2 (2)

(1 + ) ( l  + 82 )

Here, 8
~ 

= 2g~ii0r H/h; 
~ 

is the Bohr magneton and h is the Dirac con-

stant. The lifetime* t is the inverse of the sum of all rates for the
loss of coherence from a single level , i,e.,

1
_i 

= + (k~ + kv + kR + kD)n (3)

where is the radiative lifetime.

The B 3
~ U 

state of the S, molecule has three triplet components with
different g-values. We use t~e g-values for Hund’s case (b) couplingas listed in Table 3; although the triplet splittjng yields slightly
different magnetogyric ratios,19 these are accurate enough for our intent.

The initial excitation is to an F level having J’ • 41. In order
to qualitatively examine the form of tAe tran sferred signals , we shall
momentarily ignore the fact that rotationally inelastic collisions pro-
duce a change in N, i.e., we shall consider the transferred signals for
transfer from an F1 level to F1, F2 and F3 levels of the same N. Eq. (2)

and the g-values of Table 3 then yield the expected appearance of the
signal. Fluorescence from collisionally populated F, and F3 levelsshows the same field dependei~ce as the initially excftcd F1 level

*Properly, different lifetimes r. should be assigned to the two levels.
In the absence of definite info+mation on the topic (see, however, above)
we take all lifetimes and rates to be independent of level.

E. Bayliss, “Coherence Transfer in Magnetic Fields ,” Phys. Rev. 7A ,
1190-1192 (1973).

24L -Y. C. Chiu, “Collisional Transfer of Coherence: Polarization of
Sensitized Fluorescence,” Phys. Rev. SA, 2053-2065 (1972).
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‘F F ~~ l —  1
2 

(4)
2 , 3 ( 1 + 8 )

while fluorescence from a collisionally populated F1 level has its field
dependence described by

2
‘F ~~~~~ 

1 — 8  
/

1 ( 1 + 8 )  
-

where the B in these simplified equations belongs to the originally
populated F1 level.

Eq. (5) represents a signal significantly narrower than that given
by Eq. (4) for the same value of B; the lineshapes are reproduced in
Fig. 5. The signal vaguely resembles , but is not the same as, a Lorent-
zian. The physical reason why rotationally transferred F molecules show
a narrower signal is that the aligned magnetic dipole pre~esses in the
same direction (81 ~ B,) for, on the average, 

two lifetimes - one before
the collision and one after. By contrast, the F.~ level dipoles precess
in the opposite direction (Bi - 82) 

and F2 level dipoles precess

virtually not at all (B2 << 81 for J — 40); both these latter cases

result in no effective change in the signal shape. The narrower signal,
caused by F1 levels populated by 

collisions which change J but preserve
the coherence, is further accentuated ,by the lock-in detection (see
appendix). Thus it is the emission from F levels which is responsible
for the narrow signal observed in the- ao~io~hrowiator experiments, and,
when combined with the signal fro’m the initially pumped level, the widths
observed in the broadband runs.

In order to analyze the observe4 Hanle effect widths with He as a
collision partner, we have calculated model data, examining the amount
of coherence retention necessary to simulate our experiments. These
models utilize the rotational distribution calculated from rotational
transfer rates9 at each pressure, together with the spectral bandpass
appropriate to the experiment . Multi-quantum rotational transfer can
occur upon a single collision (we have observed up to M 14 in colli-
sions with He), as well as by sequential collisions; it was necessary
to take into account S2 molecules which have 

suffered as many as three
rotationally inelastic collisions. This was done using measured9

overall and relative (F + F ) transfer rates, and extending Eq. (2) to
include sequential co1lhion~. Effects of the modulation field on the
width of the transferred signal are not negligible, and were included as
described in the appendix. It is assumed that no coherence is retained
in vibrationally inelastic collisions; this is imeaterial for the narrow-
band run simulations (no v’ • 3 or 5 emission enters the detector), and,
because c k,~, not crucial for the broadband experiments at the low He
pressures aodeTl.d .

25

_ _ _ _ _  - ~~~~~~~~~~~~~~~~~~~ 
- - - _ _ _ _ _ _ _ _



- - - -

. I_~_~ ~~~~~~ -—

MAGNETIC FiELD

Figure 5. Form of the transfer signals for an F1, an F2, and an F3 level
each with the same value of g, r and degree of polarization .
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I
Curves resulting from Eq. (2) were calculated for each triplet com-

ponent (F1, F2, or F3) using the average value of J populated respectively
by one , two , or three collisions . These were then wei ghted by the approp-
riate relative populations, and summed to yield a single model curve.
This was in turn fit to the form of a single modulation-broadened
Lorentzian for comparison with experiment.

The only adjustable parameter in the calculation is the degree of
retention of coherence in each single collision . Only with a high degree
of coherence retention are we able to reproduce, in the model, the experi-
mental results; the best agreement with experiment is obtained by choosing
full  retention of coherence for all rotationally inelastic collisions .
The calculated broadening curves are given in Fig. 4 for the broad-
band and monochromator runs, together with the experimental data. The
broadband run simulations are obtained by combining the transferred-
level Hanle effect curves , and a single modulation-broadened Lorentzian
to represent the pumped level.

Model data have also been calculated assuming full coherence reten-
tion in F1 + F 1 transfer collisions , but no retention in transfer to
F2 and F3 levels. With this assumption the calculated broadband widths
are considerably broader than the experimental curves. While the best
agreement between models and experiments is less sensitive to the degree
of retention in F1 -‘~ F2 , F 3 collisions , it is clear that at least some
coherence is retained in such encounters which change both the magnitude
of the rotational angular momentum and the spin projection upon the J-
vector.

The overall results of the width simulations thus indicate that a
hig h degree of coherence is retained in all the rotational transfer
collisions. For 100% retention , the narrowband data are still sli ghtly
narrower than the simu lations; this may be due to some uncertainty in
the rotational distribution , as projected from our measured rate constants ,
particularly for levels having small final values of J (~ 25). (The
larger g-value for levels with smaller J would lead to a narrower trans-
ferred signal. If any levels of lower J have, however, a shorter life-
time, that would increase the discrepancy. The degree of polarization
of the fluorescent lines, for a given degree of coherence, should not
change enough19 with decreasing J to affect the results.)

Given that there exists a high degree of retention, so that the
form of the signal is established, the model may be used to extract a
more quantitative result for the degree of coherence retention. From
the lock-in amplifier peak-to-peak amplitude (see Fig. 3) and total
fluorescence intensity observed in the narrow-band runs at 0.72 torr of He,
the field dependence* of the transferred signal (see Fig. 5) is 3.1 ± 0.4%.

*I.e., the fractional difference in signal caused by switching H from
zero to a very high value.
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This corresponds to a single-collision coherence reter~tion fraction of
0.85 ± 0.15. It is in agreement with the width simulations in that it
is large, approaching complete retention . This fraction decreases with
increasing mass of the rare gas collision partner: for Xe , a coherence
retention fraction of 0.40 ± 0.10 was obtained . (While the poorer signal
to noise ratio precluded quantitative narrowband width measurements and
simulations for Xe, qualitative examination of the widths are in accord
with this result.)

These values are consistent with the comparison of broadband experi-
mental broadening cross-sections to rotational and vibrational transfer
cross-sections exhibited in Table 1. Although we did not make direct
measurements of transferred signals using other collision partners, it
is reasonable to expect that the degree of coherence retention will
scale with the ratios given there.

CONCLUSIONS

The direct observation of the Hanle effect, in fluorescence emitted
by S2 molecules which have suffered rotat ionally inelastic collisions
with He or Xe , unambiguously demonstrates that coherence is retained
throughout such co1lisi~ns. This is consistent with the finding, using
broadband detection, that the coherence lifetime is significantly longer
than the collisional lifetime of the initially pumped level , for all
the rare gases and N2 as collision partners. In contrast, quenching
dominates collisions of excited S2 with ground state S2; here the life-times are equal within experimental error.

Simulations of the Hanle effect widths and polarizations follow
Bayliss’ formulation23 of ‘transferred’ Hanle effect line shapes, together
with modulation broadening corrections. The results of these calculations
yield a single-collision coherence retention fraction of 85 ± 15% in He;
this fraction decreases with increasing mass of the collision partner,
becoming 40 ± 10% in Xe.

A similarly high degree of retention (75-80%) was recently found
for excited ‘2 

- ground state I., collisions)~ These authors used argon
ion laser excitation and directly measured polarization ratios. Given
adequate intensity for precise polarization measurements on dispersed
fluorescence (which was not the case in our experiment), this method is,
in retrospect, advantageous to Hanle effect width measurements, since
it obviates the need for the models we have used to extract numerical
results.
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Both the results on 12 and those of the present study show that
inelastic collisions maintain a high degree of orientation of the
rotational angular momentum. These findings form a requirement which
should be add ressed in theoretical descriptions of the collision
dynamics.
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APPENDIX A: PHASE-SENSITIVE DETECTION CORRECTIONS

We here calculate the effect of a finite modulation field upon the
shape and width of the lock-in amplifier output, for the transferred
Hanle effect signal described by Eq. (5),

z
2 2

(1 + 3 )

and-illustrated in Fig. 5. The signal S at a particular value of the
sweep field H and small values of the modulation field H~ H~~ cos wt
is given in terms of a Taylor series expansion as

S(H + H )  = 1(U) + 1’(H)H + . 7’’(~)jj
2 

+ . .

where the primes denote differentiation. Now the lock-in amplifier picks
out the component proportional to cos ut, so that its output is given

by A = S(H + cos ut dt. Inserting the expansion S(H • and

integrating yields

H it 1’’’H 2 4 1vii~ 6

A = — ~~— 
1~~~~’ + + 

wo 
+ 1.

2 L 8 192 9216 
-

even derivatives vanish, and these four terms are both necessary and
adequate to- describe our signals, where H

~0
/H
~ 

0.1 to 0.3; Hc is

the value of magnetic field where l(H c) = 0 (see Fig. 5).

The derivatives are as follows:

I’ • (2B~ - 68)/(1 + 82 ) 3

I ’’’ = 24 (8~ 
- 108~ • 58)/(1 + 

~25

a 720(3~ - 218~ + 35$
3 

- 78)1(1 + 8
2)
7

1vii a 40320(8~ - 363~ + 1263~ - 84B~ + 98)/(1 + ~
29

Thus for the value of H which we use , the signal w~dths will be notice- -
~~~

ably affected by the ao~8iation field. (Note H~ depends on the collision
rate.) These equations are then used to calculate the lock-in amplifier
output , whose complex shap. is conveniently (but adequately) expressed in
terms of a single odulation broadened Lorentzian , for comparison purposes .
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It should be noted that, because of the steepness of the ‘transferred’
Hanle signal for small H, the lock-in amplifier output will be larger
than that produced by a Lorentzian having the sane values of g, r , and
degree of polarization. it is this effective accentuation of the lock-
in sensitivity to the signals from the transferred levels which causes
the composite (initially pumped plus transferred levels) signals to
appear narrower than would be expected by simple weighting due to rela-
tive populations.
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